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➇❡❼Ð➅✧❼➑➁✜❿❱➌✺❀✼➌✌➃❏➐➒↔◆❻✏❼✫❽➏❽❋➀✌➐ ➆❦➁✜➃❊➀✌➄❲❽➑➀✌➄❚➁➦➂❬➁❢➂➦❾❚❿✫➂❢❾❦➌✌❿✫➂❱❼✫❽➈➌✌➆➜❾❲➀✌➃❏➄❚➁✘➃→❽❋➀✶➂✧➐➒❼❱➅❋➁✜❿✧➃❊➣❬➆✰❼➜❼✧➄í❾❚❿✫➂✫❽❫❼✧➄✹➅✫❼➈➇❡❼➈➛✶➤✤❁ ➍➦Ò✍❂❚➍✣❻
➇❡❼➏❾❚❿✩➀❙➁❢➂✧➃❏➄❀❼✫❽❫↔➲❻❇❼✫❽ ❼✩➔✧❾✰➂✧❿✧➃✴❼✧➄✹➅✫❼✧❽í➀✌➄❚➁➎➂❬➁❢➂➜❿❱➂❱➌✌➐ ➃→❽❫➂❱❼✫❽➏❾❲➌✌❿➈➐❥➌✡➍➓➂❬➁❏➠❦➀❫➇❡❼ ➇❡❼❄❃Ð➃❏➐ ➠❲❼✧➐ ➍➎Ü❆❅✸❇❉❈✘➙✄❊ ± ❋ ◦ ● ↔❳❻❇➌
❾❚❿❱➂❱➅❬➃→❽✧➃❊➀✌➄④➇❡❼✫❽➦➍➓❼✫❽✧➆➊❿❱❼✫❽➏❼✫❽❬➁✤➇❡❼➦➐❱➉ ➀✌❿✩➇✌❿✫❼➢➇❡❼ ± ❋ ➍■❍❏❂❚➍➓↔
❑
✭✍✖❡✷✛❖✶✸✴✺ ✯✼❯✽✺ ❖❙✷❆❄✶✷✛❯❁✷❁✱❊✱✴✷❆❂❃❘❁✱✴❭✼✳❫❄✶✷✏❯✽✳✧✯✼❉❊✺ ❉✜✱✴✷
þ
❂❃✷✽❉❊✵✶✸✴✷❁✸▲✿ ❑✲❣❰✳✫✸✴❯✽✷▼▲➎✷❁◗✶✷❁✸✴❯✽❘✽✷✛❖✌❑❱✸❇✿ ❑✲❉❊✵✶✸❊❣❥❑✫❯✽✷◆❄✶✷✛✿ ❑✤❉❊✳✧✿ ✵✶✱✴✺ ✳✧✯❞❉❊✵✶✸❜✵✼✯✼✷❇❨✌✯✼✷






















































































































































































































































































































































































































































































































































































































































































































❛ ý✏✪✲➫✥➧✶❶❙r ❺▼r❆♠♦♣✱♣✱♠❨➇✗t❏❥▼sÐ❺⑥➃➏❺▼➃❼♣★t❲q✠➙❏❥✲❷❞❺ ❛Ð❺✭➝❵❝✳➀✄➜♦t❲✐✳✈❜❥❜❛Ð❺❶➌➓❺✭r➤t✠♥❖➙✏❸✚♠❅✬



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ü❋✭✧✮✰✯✘✷✧✦✖✷❁✱✩✾✶✿ ✷✽❉❜❄✶✷✽✵✶◗➲✺ ✯❋✱✴✷❁✸❊❣❥❑✫❯✽✷✽❉❇P❋✵✼✺❙❂➲❑❱✸❢P❋✵✼✷✽✯❋✱✹✿ ❑✲❣ ✸✴✳✧✯❋✱✴✺ ❪❁✸✴✷✛✷✽✯❋✱❊✸✴✷✛✿ ✷✏❨✌✿ ❂ ✷❁✱❜✿❥● ❑✫✺ ✸❇✯✼✷✏❉❊✳✧✯❋✱❜❖✌❑✫❉▲❘✩P❋✵✼✺ ❴✫❑✫✿ ✷✽✯❋✱✴✷✽❉▲✷✽✯➲✱✴✷❁✸✴❂❃✷
❄✶✷✛✸✴❘✧Ô✌✷❁◗✶✺ ✳✧✯✒❖❙✳✧✵✶✸❇✵✼✯✘❣❥❑✫✺ ❉❊❯✽✷✩❑✫✵➦✺ ✯✼❯✽✺ ❄✶✷✽✯❋✱✩✭
✐
✿ ❑❳❖❫✸✴✷✽❂❃✺ ❪❁✸✴✷❆✺ ✯❋✱✴✷❁✸❊❣❥❑✫❯✽✷✲❑✫✺ ✸
−→
❨✌✿ ❂❞✾✶✿❥● ✺ ✯✌❄✶✺ ❯✽✷✲❄✶✷✏✸✴❘❁❣ ✸❢❑✫❯❁✱✴✺ ✳✧✯➦❄✶✺ ❂❃✺ ✯❫✵✼✷✧✾❫✱❢❑✫✯✌❄✶✺ ❉
P❋✵❡●
þ
✿ ❑❞❉❊✷✽❯✽✳✧✯✌❄✶✷➲✺ ✯❬✱✴✷❁✸❊❣❥❑✫❯✽✷➲❨✌✿ ❂
−→
❑✫✺ ✸✩✾❦✿❥● ✺ ✯✌❄✶✺ ❯✽✷✘❄✶✷❳✸✴❘❁❣ ✸❢❑✫❯❁✱✴✺ ✳✧✯➓❑✫✵✼✻✧❂❃✷✽✯❋✱✴✷✧✭❦ö✹✷❁✱❊✱✴✷✘❑✫✿ ✱✴✷❁✸✴✯✌❑✫✯✼❯✽✷✘❄✖● ✺ ✯✌❄✶✺ ❯✽✷❃✷✽❉✜✱
þ
✿❥● ✳✫✸✴✺ ✻✧✺ ✯✼✷
❄✖● ✵✼✯➦❄✶❘✽❖✼❭✌❑✫❉✴❑✫✻✧✷✤❉❊✵✼❖✼❖✼✿ ❘✽❂❃✷✽✯❋✱❢❑✫✺ ✸✴✷✲❄✶✷
pi





❯✩❑✫❉❜❄❙● ✵✼✯➲❨✌✿ ❂✡✯✼✳✧✺ ✸✩✾✶✿ ❑✲❄✶✺ ✦✖❘❁✸✴✷✽✯✼❯✽✷✛❄✶✷✏❯✴❭✼✷✽❂❃✺ ✯➲✳✧❖✶✱✴✺ P❋✵✼✷❇✷✽✯❋✱❊✸✴✷✛❄✶✷✽❉✹❣❥❑✫✺ ❉❊❯✽✷✩❑✫✵✶◗✒❄✶✷❇✿ ✵✼❂❃✺ ❪❁✸✴✷✏❴❫✺ ❉❊✺ ❵✼✿ ✷✏✷✽❉✜✱❀✱✴✷✽✿ ✿ ✷✽❂❃✷✽✯❋✱✹❣❥❑✫✺ ❵✼✿ ✷❆P❋✵❡● ✺ ✿ ❉
✸✴✷✽❉✜✱✴✷✽✯❋✱❜✷✽✯❞✳✧❖✼❖❙✳✧❉❊✺ ✱✴✺ ✳✧✯❧❄✶✷❆❖✼❭✌❑✫❉❊✷✧✭
❛
✿ ❉❜✺ ✯❋✱✴✷❁✸❊❣❰❪❁✸✴✷✽✯❋✱❇❄✶✳✧✯✼❯❆❉✁ ✶❉✜✱✴❘✽❂➲❑❱✱✴✺ P❋✵✼✷✽❂❃✷✽✯❬✱❜❄✶✷✛❂➲❑✫✯✼✺ ❪❁✸✴✷◆❄✶✷✽❉✜✱❊✸✴✵✼❯❁✱✴✺ ❴✧✷✧✭
✔❫✭✍✖✰● ✷❁✸✴✻❳✷✽❉✜✱❇✿❥● ✵✼✯✼✺ ✱✴❘◆❄✖● ❘✽✯✼✷❁✸✴✻✧✺ ✷◆❄✶✷❆❵✌❑✫❉❊✷◆❄✶✵✒❉✁ ✶❉✜✱✴❪✽❂❃✷✛❄✖● ✵✼✯✼✺ ✱✴❘✽❉❜❯✽✻✧❉◆ù❥❯✽✷✽✯❋✱✴✺ ❂❃❪❁✱❊✸✴✷✧✂→✻✫✸❢❑✫❂❃❂❃✷✧✂➒❉❊✷✽❯✽✳✧✯✌❄✶✷❱ý❢✾











































































































































































































































































































































































































































































































✥➑➥➲❼❢❾❚❿✫➂✫❽❫❼✧➄❚➁✴➌❙➁✜➃❊➀✌➄í➇❇➉ ➆➊➄➢Û❆➐ ➍ ❼✧➄ ➁✜❿❱➌✌➃❏➄ ➇❡❼✣➇✌❿✩➌✌➃❏➄❀❼✧❿❫Ó↔Û
➾✱Ü
➐➒❼❧➐ ➃❊➣❬➆➊➃❊➇❡❼➦➅✫➀✌➄❚➁❢❼✧➄✰➆✝➇❙➌✌➄❲❽❞➐➒❼❧➍➓➂✧➄✰➃→❽❋➣❬➆✰❼
❼✫❽❬➁❃❼✧➄q➇❡➂❢❾❚❿❱❼✫❽✫❽✧➃❊➀✌➄➑❾❦➌✌❿➦❿❱➌✧❾✖❾❦➀✌❿❬➁❩❅Ð➅✫❼✧➐ ➆➊➃❳➅❱➀✌➄❚➁❢❼✧➄✰➆ ➇✖➌✌➄❲❽➦➐➒❼✲Û❆➐ ➍✴Ý❼Û
➮➻Ü







































































































































































































































épaisseur du film (h)
❷❳❸❏❹❳❺✼➟✞✤ ➭
✥➋➥➲❼❢❾❚❿❱➂✫❽❫❼✧➄❚➁✴➌❙➁✜➃❊➀✌➄ ❽❋➅✧➠❲➂✧➍✟➌❙➁✜➃❊➣❬➆✰❼q➇❇➉ ➆➊➄❀❼✝➃→❽❋➀❙➁❏➠❲❼✧❿✧➍➓❼④➇❡❼✟❾❚❿✫❼✫❽✫❽✧➃❊➀✌➄ ➇❡❼④➇✌➃→❽✁Þ❬➀✌➄✹➅❋➁✜➃❊➀✌➄ ➣❬➆➊➃✘❾❚❿❱❼✧➄✹➇






















































































































































































































































































































































































































































épaisseur du film (h)
❷❳❸❏❹❳❺❊➟✞✤ ➠
✥➏➥➲❼❢❾❚❿✫➂✫❽❫❼✧➄❚➁✴➌❙➁✜➃❊➀✌➄➑❽❋➅✧➠❲➂✧➍✟➌❙➁✜➃❊➣❬➆✰❼❧➇✌➆Ð➇✌➃❊➌❫Ò✌❿✩➌✌➍➎➍➓❼❞➇❡❼❆❾✰➠❦➌✼❽❫❼ Π ➡✴➠➑➇❇➉ ➆➊➄❧Û❆➐ ➍➘➇❡❼❃❽✧➆➊❿✜➳❬➌✖➅❋➁✴➌✌➄❚➁❏❽✘➄✹➀✌➄✰➡






➐➒❼✫❽➋❍❳➦✤Ú ❽❫❼❳➳❬➀✌❿✧➍➓❼✧➄❚➁❃➇✖➌✌➄❲❽✣➆➊➄❀❼❧Ò✖➌✌➍➎➍➓❼➏➇❇➉ ➂❢❾❲➌✌➃→❽✫❽❫❼✧➆➊❿✫❽✘❾❚➐ ➆❡❽✤➳❬➌✌➃✴Ñ✧➐➒❼✫❽✟❼❬➁✏❾❦➀✌➆➊❿➏➇❡❼✫❽✘❾❚❿✫❼✫❽✫❽✧➃❊➀✌➄❲❽➎➇❡❼➏➇✌➃→❽✁Þ❬➀✼➄✹➅❋➡










































































































































































































































































































































































































































































































































































































































air  (pg)  





Û❆➐ ➍➢❽Ð➍➎➃❏➄✹➅✫❼✫❽❫↔❃❻✣➉ ➂❢❾❦➌✌➃→❽✫❽❫❼✧➆➊❿✝➇❡❼✫❽➦Û❆➐ ➍➢❽✝❼✫❽❬➁➦➍➓❼✫❽✧➆➊❿❱➂✫❼➏❾❦➌✌❿➈➃❏➄❚➁❢❼✧❿✜➳❋➂✧❿❱➀✌➍➓➂❬➁✜❿✧➃✴❼✫➤➦➁✴➌✌➄✹➇✌➃→❽➜➣❬➆✰❼➜➐❥➌➈❾❚❿✫❼✫❽✫❽✧➃✜➀✌➄ ➇❡❼


















































































❘✽❯✽✿ ❑✫✺ ✸✴✷❁✸❳✿ ✷❳❨✌✿ ❂ ❖✌❑❱✸✲✵✼✯➢❣❥❑✫✺ ❉❊❯✽✷✩❑✫✵✟❂❃✳✧✯✼✳❋❯❢❭✶✸✴✳✧❂➲❑❱✱✴✺ P❋✵✼✷✤✷✽✯➎✺ ✯✼❯✽✺ ❄✶✷✽✯✼❯✽✷❃✯✼✳✫✸✴❂➲❑✫✿ ✷✧✾➊❖✼✵✼✺ ❉
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Ò❡➂✩➀✌➍➓➂❬➁✜❿❬➃❊❼✡➇❡❼q➅✫❼✫❽q➇❡❼✧➆❙➔ë❽✧Ü✼❽❬➁❢➟✧➍➓❼✫❽q❼✫❽❬➁➎➃❏➄♦❀✌❼✧❿✫❽❫➂✫❼❹Ý➎➄❀➂❱➌✌➄✰➍✟➀✌➃❏➄❲❽✫➤➢➃❏➐ ❽✝➍➓❼❬➁❊➁❢❼✧➄❚➁➑❼✧➄➤Þ❋❼✧➆ ➇❡❼✫❽ ➃❏➄❚➁❢❼✧❿❱➌✖➅❋➁✜➃❊➀✌➄❲❽
➂✧➐➒➂✧➍➓❼✧➄❚➁✴➌✌➃❏❿✫❼✫❽➏❽✧➃❏➍➎➃❏➐❥➌✌➃❏❿✫❼✫❽❫↔❆❻❜➌í➅❱➀✌➍✒❾❚➐➒❼✩➔✌➃✜➁❢➂➈➇❡❼✫❽✟➍➓❼✧➍➓Ñ✧❿❱➌✌➄❀❼✫❽✟❿✫➂❱❼✧➐❏➐➒❼✫❽➦❾❚❿✩➀✺❀❫➃✴❼✧➄❚➁❧➇❡❼✟➐❥➌➈Ò✌❿✩➌✌➄✹➇❡❼③❀✼➌✌❿✧➃✴➂❬➁❢➂Ð➇❡❼✫❽





















✥④Ú❜➌✌➃→❽❋➅✧❼✩➌✌➆ ➇❡❼➓❿✩➌✌Ü✖➀✌➄❲❽❵➟ ➂✩➅❬➐❥➌✌➃❏❿❱➌✼➄❚➁✒➆➊➄❀❼✟❽✧➆➊❿✜➳❬➌✖➅✫❼➦❾❚➐❥➌✌➄❀❼✟❽❬➀✌➆❡❽➓➐❱➉ ➃❏➄✹➅❬➃❊➇❡❼✧➄✹➅✫❼ θ ↔ ki ❼❬➁ kr ❽❋➀✌➄❚➁
❿❱❼✫❽❢❾✰❼✩➅❋➁✜➃✚❀✌❼✧➍➓❼❬➄❚➁❜➐➒❼✫❽❩❀✌❼✩➅❋➁❢❼✧➆❦❿✫❽✘➇❇➉ ➀✌➄✹➇❡❼❳➃❏➄✹➅❬➃❊➇❡❼✧➄❚➁❇❼❬➁▲❿✫➂✁➠❃➂✩➅✧➠❡➃✴↔❲❻❇❼❩❀✌❼✩➅❋➁❢❼✧➆➊❿✒➇❡❼➲➇✌➃ ➞❳➆❡❽✧➃❊➀✌➄ q ❼✫❽❬➁❇➇❡➂✜Û❆➄✰➃❡❾❲➌✌❿❳➐❱➉ ❼✩➔✌➡
❾❚❿❱❼✫❽✫❽✧➃❊➀✌➄➜❽✧➆➊➃✚❀✼➌✌➄❚➁❢❼❇Ó q = kr − ki ↔❹✹✣➌✌➄❲❽❞➐➒❼➦➅✫➌✼❽➦➇❇➉ ➆➊➄❀❼➢❼✩➔✧❾❲➂✧❿✧➃✴❼✧➄✹➅✧❼➢➇❡❼❞❿✫➂✁➠❃❼✩➅❋➁✜➃✚❀❫➃✜➁❢➂✫➤ q ❼✫❽❬➁❀❾✰❼✧❿❢❾❲❼✧➄✹➇✌➃❊➅❬➆➊➐❥➌✌➃❏❿✫❼





















































































































































































































































































û❋✭❬❍✏✯➢❖✌❑❱✸✴✿ ✷✘❄✖● ✵✼✯➢❨✌✿ ❂ ✿ ✺ ❵✶✸✴✷➲❖✌❑❱✸✤✳✧❖✼❖❙✳✧❉❊✺ ✱✴✺ ✳✧✯
þ
✵✼✯➢❨✌✿ ❂ ❄✶❘✽❖❙✳✧❉❊❘✘❑✫✵➎❯✽✳✧✯❋✱❢❑✫❯❁✱❳❄✖● ✵✼✯➎❉❊✵✼❵✼❉✜✱❊✸❢❑❱✱✩✭⑨✖❡✷✽❉◆❨✌✿ ❂❃❉◆✿ ✺ ❵✶✸✴✷✽❉✤P❋✵❡● ✳✧✯
❘❁✱✴✵✌❄✶✺ ✷✛❉❊✳✧✯❋✱❇❉❊✵✼❉❊❖❙✷✽✯✌❄✶✵✼❉
þ












































































































































































































































































































































































































ρ(−→r )e−i−→q .−→r d−→r |2 ✈❤➟✞✤ ➫❂✇
✗✌☞
















































































































































































































































































































































































































































































































































































































































































































































































➇❡❼✧➄❲❽✧➃✜➁❢➂ ➂✧➐➒❼❱➅❋➁✜❿✩➀✌➄✰➃❊➣❬➆✰❼ ➁✜❿❱➟✫❽Ô➍➓➌✼❿❱➣❬➆✰➂✫❽❫↔③✹✣➌✌➄❲❽ë➐➒❼④❾❚❿✫❼✧➍➎➃✴❼✧❿➋➅✫➌✼❽❱➤✝➐➒❼ ➅❱➀✼❼✁üÔ➅❬➃✴❼✧➄❚➁í➇❡❼Þ❿❱➂✁➠❃❼❱➅❋➁✜➃✚❀❫➃✜➁❢➂ ❼✫❽❬➁ ➁❢❼✧➐
➣❬➆✰❼✏Ó➊➥➎↕ θ ➝ ∝ sin2(2πθe
λ







































✥❱④✤❿❱➀✫❾❲➌❫Ò✖➌❙➁✜➃❊➀✌➄➜➇❇➉ ➆➊➄❀❼❞➀✌➄✹➇❡❼❞➂✧➐➒❼✩➅❋➁✜❿❱➀✌➍✟➌❫Ò✌➄❀➂❬➁✜➃❊➣❬➆✰❼➦➇✖➌✌➄❲❽❃➆➊➄Ð➍➎➃❏➐ ➃✴❼✧➆➏❽❬➁✜❿❱➌❙➁✜➃ Û✤➂❫Ó❀➅✫➌✶❽❞➇❇➉ ➆➊➄❧Û❆➐ ➍ ➄✹➀✌➃❏❿
❾❚❿❱➂✫❽❫❼✧➄❚➁✴➌✌➄❚➁▲➁✜❿❱➀✌➃→❽❳➅❱➀✌➆❲➅✧➠❲❼✫❽➲➇❡❼❃➇❡❼✧➄❲❽✧➃✜➁❢➂➲➂✧➐➒❼❱➅❋➁✜❿✩➀✌➄✰➃❊➣❬➆✰❼✘➇✌➃ ➞✘➂✧❿❱❼✧➄❚➁❢❼❫↔➊❻❇➌✘❽❬➁✜❿✧➆❲➅❋➁✜➆➊❿❱❼➲➇❡❼❃➅✧❼✫❽❀Û❆➐ ➍➢❽❃❼✫❽❬➁✹❽✧Ü✌➍➓➂❬➁✜❿✧➃❊➣❬➆✰❼












































































































































































































































































































































































































































































































































































































































































➐❥➌➏➅✫➀✌➆➊❿❫Ñ❱❼✣❼✧➄➎❾❦➀✌➃❏➄❚➁✜➃❏➐❏➐➒➂✫❽✫➤❇➐❥➌➏➅✫➀✌➆➊❿❫Ñ❱❼✣❼✧➄➜➁✜❿❱➌✼➃✜➁❚❾❚➐➒❼✧➃❏➄➎❾❚❿❱❼❬➄✹➇✟❼✧➄✝➅❱➀✌➍✒❾✹➁❢❼✒➐❱➉ ❼✜➞✘❼❬➁◆➇❡❼✒➐❥➌➢❿✧➆❙Ò✖➀✼❽✧➃✜➁❢➂➎↕ ∼ ❚■û✤➝✖↔❉➒❳➄
































































































î❫✭✧✮✰✯❞✷✧✦✖✷❁✱✩✾✼✵✼✯✼✷❆❖✌❑❱✸❊✱✴✺ ✷◆❄✶✵❞❉❊✺ ✻✧✯✌❑✫✿➊✺ ✯✼❯✽✺ ❄✶✷✽✯❋✱❇✷✽❉✜✱✛❄✶✺ ✦✖✵✼❉❊❘❆✷✽✯❞❖❙✳✧❉❊✺ ✱✴✺ ✳✧✯❧❭✼✳✫✸✴❉✁✂→❉❊❖❙❘✽❯✽✵✼✿ ❑✫✺ ✸✴✷✧✭❡ö✹✷❁✱❊✱✴✷◆❄✶✺ ✦✖✵✼❉❊✺ ✳✧✯❧✷✽❉✜✱❇✵✼✯✼✷❆❉❊✳✧✵✶✸✴❯✽✷
❖❙✳✫✱✴✷✽✯❋✱✴✺ ✷✽✿ ✿ ✷◆❄✖● ✺ ✯❫❣❥✳✫✸✴❂➲❑❱✱✴✺ ✳✧✯✒❉❊✵✶✸▲✿ ❑✤❉✜✱❊✸✴✵✼❯❁✱✴✵✶✸✴✷✛❄✶✵✘❖✼✿ ❑✫✯❞❄✶✷✏✿❥● ✺ ✯❋✱✴✷❁✸❊❣❥❑✫❯✽✷✧✭✖ö✹✷✽❖❙✷✽✯✌❄✼❑✫✯❋✱✩✾❫❉❊✳✧✯✒✺ ✯❋✱✴✷✽✯✼❉❊✺ ✱✴❘✛✷✽❉✜✱▲✱✴✷✽✿ ✿ ✷✽❂❃✷✽✯❋✱❀❣❥❑✫✺ ❵✼✿ ✷◆P❋✵✼✷
❉❊✳✧✯❞❘❁✱✴✵✌❄✶✷✛✯✼✷✛❖❙✷✽✵✶✱✳ß❁✱❊✸✴✷✛✸✴❘✩❑✫✿ ✺ ❉❊❘✽✷✤P❋✵❡● ✷✽✯✘✵✶✱✴✺ ✿ ✺ ❉✴❑✫✯❋✱✏✵✼✯✘✸❢❑✧ ❋✳✧✯✼✯✼✷✽❂❃✷✽✯❋✱▲❉✁ ✶✯✼❯❢❭✶✸✴✳✫✱❊✸✴✳✧✯❡✾✼❯✫● ✷✽❉✜✱✶✂
þ







✥➂④✤❿❱➀✩Û❆➐ ❽➢➇❡❼➦❿✫➂✁➠❃❼✩➅❋➁✜➃✚❀❫➃✜➁❢➂➏➇❡❼➢➇❡❼✧➆❙➔❧Û❆➐ ➍➢❽✣➇❇➉ ➂❢❾❦➌✌➃→❽✫❽❫❼✧➆➊❿➏❼❬➁❳➇❡❼➎➇❡❼✧➄❲❽✧➃✜➁❢➂➎➂✧➐➒❼✩➅❋➁✜❿❱➀✌➄✰➃❊➣❬➆✰❼➢➃❊➇❡❼✧➄❚➁✜➃❊➣❬➆✰❼✫❽✫➤






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































✥ ± ➝✟✞✃❃❙✗✠☞÷þ✶✪ ý☛✌✶✙✏❃✑✂ î ✌✁✌✫ý✏☞÷þ✁✌✄✬
✥ ± ➭✠✞✃❃❙✗✠☞÷þ✶✪ ý☛✌✶✕÷ý✏☎✘✌ î ✒✁✙☛✌❇✙✏✪ ý☛ ✏✒✹þ✁✗✠☎ î ✡✟☞✛ý☛✌✄✬






































































































































































































































































































































































































































































































































































































ï❋✭❬❍✏✯❳❉❊✷▲❵✌❑✫❉❊✷❜❖✖✳✧✵✶✸❚❯✽✷✽✿ ❑✛❉❊✵✶✸✹✿ ✷✽❉❚✺ ❉❊✳✫✱✴❭✼✷❁✸✴❂❃✷✽❉✹❄✶✷❀✱✴✷✽✯✼❉❊✺ ✳✧✯➲❄✶✷❜❉❊✵✶✸❊❣❥❑✫❯✽✷
σ
ù❰✱❁ý❦❂❃✷✽❉❊✵✶✸✴❘✽✷✽❉✰✺ ✯✌❄✶❘✽❖❙✷✽✯✌❄✼❑✫❂❃❂❳✷✽✯❋✱✰❖✌❑❱✸❚✿ ❑❆❂❃❘❁✱✴❭✶✳✶❄✶✷




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































β ➡❢➐❥➌✖➅❋➁✴➀✫Ò✌➐❥➀❡Ñ✧➆➊➐ ➃❏➄❀❼➈↕❊❽❋➀✌➐ ➆❦➁✜➃❊➀✌➄❀Ó✲➛✶➤✜➙❢❁➑➍➦Ò✍❂❚➍✣❻ ➇❡❼✘❾❚❿✩➀❙➁❢➂✧➃❏➄❀❼❙❅✣❾✢➑➋❈◗❁✼➤✶❚❬➝Ð➀❡Ñ❬➁❢❼✧➄✰➆❡❽✘❾❲➀✌➆➊❿➏➇✌➃ ➞✘➂✧❿❱❼✧➄❚➁❢❼✫❽➏➅✫➀✌➄✹➅✫❼✧➄✰➡
➁✜❿✩➌❙➁✜➃❊➀✌➄❲❽q❼✧➄ ➂✧➐➒❼❱➅❋➁✜❿✩➀✌➐ Ü❙➁❢❼❫↔❼④❃➀✌➆➊❿④➆➊➄❀❼í➍➓❼✧➃❏➐→➐➒❼❬➆➊❿❱❼④➐ ➃→❽✧➃✴Ñ✧➃❏➐ ➃✜➁❢➂④➇❡❼í➐❥➌➜Û❇Ò✌➆➊❿✫❼✫➤➏➐➒❼✫❽q➅❱➀✌➆➊❿❫Ñ✫❼✫❽✡➀✌➄❚➁➑➂❬➁❢➂q➇❡➂❱➅❱➌✌➐➒➂✫❼✫❽
❀✌❼✧❿❬➁✜➃❊➅❱➌✌➐➒❼❬➍➓❼✧➄❚➁❃❼✧➄q➇✌➃✚❀❫➃→❽❋➌✌➄❚➁◆➐➒❼➢➅❱➀✶❼✁üÔ➅❬➃✴❼✧➄❚➁❃➇❡❼❧❿✫➂✁➠❃❼✩➅❋➁✜➃✚❀❫➃✜➁❢➂➲❾❲➌✌❿❧➆➊➄➏➳❬➌✖➅❋➁❢❼✧➆➊❿➦➃❏➄✹➇✌➃❊➣❬➆✰➂➢➇✖➌✌➄❲❽❧➐❥➌➓➐➒➂❊Ò❡❼✧➄✹➇❡❼❫↔❩➒❳➄
➀❡Ñ✫❽❫❼✧❿✍❀✌❼➑➆➊➄Þ➇❡➂❢❾❚➐❥➌✖➅✫❼✧➍➓❼✧➄❚➁➦➇❡❼✫❽✒➳✫❿✩➌✌➄➊Ò❡❼✫❽Ð➇❇➉ ➃❏➄❚➁❢❼✧❿✜➳❋➂✧❿❱❼✧➄✹➅✧❼✫❽③❀✌❼✧❿✫❽➓➐➒❼✫❽❧❾✰❼❬➁✜➃✜➁❏❽➄❀✌❼❱➅❋➁❢❼✧➆➊❿✫❽➈➇❡❼Ð➇✌➃ ➞❳➆❡❽✧➃❊➀✌➄ ➐❥➀✌❿✫❽❋➣❬➆✰❼




















































































































































































































































































































































































































































































































































































































































































































































✥❙④✲➠❦➀❙➁✴➀❱Ò✌❿❱➌✧❾✰➠❡➃✴❼✫❽❧➇❜➉ ➆➊➄➦Û❆➐ ➍ ❽❢❾✰➠❲➂✧❿✧➃❊➣❬➆✰❼❧➇❡❼ β ➡❢➐❥➌✖➅❋➁✴➀✫Ò✌➐❥➀❡Ñ✧➆➊➐ ➃❏➄❀❼✒❽❋➀✼➆✔✓➋➂❼❅✣➐❥➌✣❽✧➆➊❿✜➳❬➌✖➅✫❼❧➇❇➉ ➆➊➄➢❾❦➀✌❿✫❼✧➆❙➔
➃❏➍➓Ñ✧➃✴Ñ❱➂❧➇❡❼✘❽❋➀✌➐ ➆❦➁✜➃❊➀✌➄q↕❥❾✢➑➋❈◗❁✼➤✜➙❙➤❇❽❋➌✌➄❲❽➲❽❫❼✧➐ ➝✖↔✹❻❇❼✛Û❆➐ ➍⑨❼✫❽❬➁❆➀❡Ñ✫❽❫❼✧❿✍❀✌➂➋❅✟➇✌➃ ➞✘➂✧❿❱❼✧➄❚➁❏❽✒➍✟➀✌➍➓❼✧➄❚➁❏❽❞➇✌➆➈➇✌❿❱➌✌➃❏➄✹➌❫Ò❡❼❫↔❹P❚➆➊❿




















































































































































































































❈◗❁ × ❋ ➛ −3 ➤❳❾✢➑➋❈◗❁✼➤✶❚❬➝✖↔❳❻✏❼✫❽➢❾❦➀✌➃❏➄❚➁❏❽➜➅✫➀✌❿✧❿❱❼✫❽❢❾❦➀✌➄✹➇❡❼✧➄❚➁❱❅q➐❥➌✡➅✫➀✼➆➊❿✶Ñ❱❼í❼✩➔✌➡




















































































































































































































































































































































































































































































































































































































































































✌❫✭✧✮✰✯➢❉❊✳✧✿ ✵✶✱✴✺ ✳✧✯❡✾❦✿ ✷❳✱❢❑✫✵✶◗➢❄✖● ❭õ ✼❄❫✸❢❑❱✱❢❑❱✱✴✺ ✳✧✯➎❂❃✳✕ ❬✷✽✯➎❄✖● ✵✼✯✼✷❳❖✶✸✴✳✫✱✴❘✽✺ ✯✼✷❃✷✽❉✜✱✤❄✖● ✷✽✯❫❴❫✺ ✸✴✳✧✯➏ü✘❂❃✳✧✿ ❘✽❯✽✵✼✿ ✷✽❉✲❄✖● ✷✩❑✫✵➎❖✌❑❱✸✤❑✫❯✽✺ ❄✶✷➲❑✫❂❃✺ ✯✼❘




❯✽✺❥✾➊❖❙✳✧✵✶✸❆✵✼✯✼✷✤❖✶✸✴✳✫✱✴❘✽✺ ✯✼✷❃❑✧❄✶❉❊✳✫✸✴❵❙❘✽✷✧✾➊✳✧✯➎❑➲❣❥❑✫✺ ✱✲✿ ✷❳❯✩❑✫✿ ❯✽✵✼✿✰✷✽✯➢❉❊✵✼❖✼❖❙✳✧❉✴❑✫✯❋✱✲❄✶✷✽✵❫◗

















































































































































































































































































































































































































































































































































































































































✥➎✹❧➃❏➍➓➟✧❿❱❼✫❽➎➇❡❼ β ➡❢➐❥➌✖➅❋➁✴➀❱Ò✌➐❥➀❡Ñ✧➆❦➐ ➃❏➄❀❼Ð↕✓❚✌➤✤❁✜✦ × ✧ ➤✶æ❬❚➑➄✰➍✒➝➑➌✖➇✼❽❋➀✌❿❫Ñ❱➂✫❽❙❅➓➐❱➉ ➃❏➄❚➁❢❼✧❿✜➳❬➌✖➅✫❼➎➌✌➃❏❿✓❂✰❽❋➀✌➐ ➆❦➁✜➃❊➀✌➄❞Ó✏➐➒❼✫❽

























































































































































































































































































































































































































































✍❁✗✥✌✔➫✥➠✶❶❙r ❺ ❛ ❣◗✉❲➀✱❥❨➁➓❺❨➊❼➫❉♣★t❲✐✳✈✞♠♦q❏✬
























































































































































































































❶➄➸➑❺❶r ❺✭❦❳♣✱✉✪✭⑨➀✄➀✄✉❲✐▼❥❜r ❺ ❛Ð❺❉➔❲t✠❝✳♣✱➀✄➀✄✉❲✐▼❥▼➁➓❺❉❛❱q✠✐✳♠♦➜❹q❹t❲✐✠⑦✾✬✞✇
















































































































































































































































































































































































































































































































































✦❆ý☛✌✔➧✥➭✶❶ ➝➑❺✳➔❳♠♦➀✄➀✄♠♦✐▼❥✞➅❜❺❶r ❺✠➔❳❝✳q❨♥❖♠♦♣✱♣❨❥❲➝➑❺❶r ❺▲❷❨t❲q✠q✠♠♦♣✱♣➎➅♦q❏✬
④✤❿❱➀❙➁✴➀✌➄➈➥✘❼✧➐❥➌❫➔✖➌❙➁✜➃❊➀✌➄➈➥➲➌❙➁❢❼✫❽➦➀✩➳☛❃➎➌❙➁❢❼✧❿❧➃❏➄











































































































































































































































































































































































































































































































































































































































































































































































































































































































✥❱P❀➅✧➠❲➂✧➍✟➌➎➇✼➆➑➇✌➃→❽❢❾❦➀✼❽✧➃✜➁✜➃ ➳➲❼✩➔✧❾❲➂✧❿✧➃❏➍➓❼✧➄❚➁✴➌✌➐✼Ó✰➐➒❼✫❽✒Ñ✧➆➊➐❏➐➒❼✫❽✒➇❡❼➲➁❢❼✧➄❲❽✧➃❊➀✶➌✖➅❋➁✜➃ ➳❱❽✤❽❋➀✌➄❚➁✖➳❬➀✌❿✧➍➓➂✫❼✫❽✘➇✖➌✌➄❲❽❳➆➊➄❀❼✒➅✫❼✧➐ ➡




















































































































































✬✧✭✍✖➊❑✘✿ ✳✧✯✼✻✧✵✼✷✽✵✶✸◆❯✩❑✫❖✼✺ ✿ ✿ ❑✫✺ ✸✴✷❃✷✽❉✜✱◆✷✽❉✜✱✴✺ ❂❃❘✽✷❳✷✽✯➢❯✽✳✧❂❃❖✌❑❱✸❢❑✫✯❬✱◆✿ ❑✘❖✶✸✴✷✽❉❊❉❊✺ ✳✧✯➏❄✶✷❩✖➊❑✫❖✼✿ ❑✫❯✽✷
σ/κ−1
þ
✿ ❑✒❖✶✸✴✷✽❉❊❉❊✺ ✳✧✯➢❭õ ✼❄❫✸✴✳✧❉✜✱❢❑❱✱✴✺ P❋✵✼✷
ρgκ−1




❄✼❑✫✯✼❉❜✵✼✯✒✿ ✺ P❋✵✼✺ ❄✶✷◆❄✶✷◆❄✶✷✽✯✼❉❊✺ ✱✴❘
ρ
❉❊✳✧✵✼❂❃✺ ❉❇❑✫✵❞❯❢❭✌❑✫❂❃❖✒❄✶✷❆✻✫✸❢❑✩❴❫✺ ✱✴❘❆✱✴✷❁✸❊✸✴✷✽❉✜✱❊✸✴✷
g = 9.8 m.s−2
✭❬✖✰● ❘✽✻❬❑✫✿ ✺ ✱✴❘❳❄✶✷◆❯✽✷✽❉✛❄✶✷✽✵✶◗✒❖✶✸✴✷✽❉❊❉❊✺ ✳✧✯✼❉✏❖❙✷❁✸✴❂❃✷❁✱✏❄✶✷✲❄✶❘❁✱✴✷❁✸✴❂❃✺ ✯✼✷❁✸❇✿❥● ✷❁◗✶❖✶✸✴✷✽❉❊❉❊✺ ✳✧✯✣❄✶✷
κ−1




































































































































































































































































































































❄✶✷✽❉❜❘✽❯❢❭✶✷✽✿ ✿ ✷✽❉✏❄✶✷✛✱❢❑✫✺ ✿ ✿ ✷◆✺ ✯✶❣❰❘❁✸✴✺ ✷✽✵✶✸✴✷
þ
κ−1















































































































☞✜✪✳✪ ý❰ý☛✌✓✒❇ ☛✗✠☎✜☎✟☞❲✯ ±4 ❃ î ❞÷ý✏✪✫✌✶❃÷þ✁✣☛✌✄✬✘ íý✢✡✟☞ î  ☛✗éþ✹þ✫ý☛✌✓❃❙✗✠☎✘✕❩✯■☞✜☎✪ý❧ý❘þ✹þ✫ý✏☞÷þ❈✕ ✂ ý✏☎✟✖ î þ✁✗✠☎





























































































































































































































































































































































































































































































































































































































































































































































= −keauA(C ′2 − C ′1) = −
D
heau
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C ′1 = −
K
kmc
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(R2t=0 −R2t ) +
2
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✡ Aparoi = 2πR
2(1 + cosφ)
✂☛✖❮ý☛ 





















































t=0 −R4t ) + 89(R3t=0 −R3t )∫ t
0 r
2dt
− Kbulle 2 SpatmRGPT
∫ t
0 R
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➇❡❼ β ➡❢➐❥➌✖➅❋➁✴➀✫Ò✌➐❥➀❡Ñ✧➆➊➐ ➃❏➄❀❼✠Ý➍Û
➮➻Ü
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✾✫➄❚➁❢❼✧❿✜➳❬➌✖➅❬➃❊➌✌➐
●











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































✿✖✷❁◗✶✺ ❉✜✱✴✷❆✵✼✯✼✷❆❑✫✵✶✱❊✸✴✷❆❯✽✳✧✯❋❴❬✷✽✯❋✱✴✺ ✳✧✯❞P❋✵✼✺➊❄❫❘❁❨✌✯✼✺ ✱❜✿❥● ❑✫✯✼✻✧✿ ✷✲❄✶✷❆❯✽✳✧✯❋✱❢❑✫❯❁✱❇❖✌❑❱✸▲✸❢❑✫❖✼❖❙✳✫✸❊✱✏❑✫✵✒❖✼✿ ❑✫✯❞❂❃❘✩❄✶✺ ❑✫✯❞❄✶✵✘❨✌✿ ❂❞✾❫✷❁✱❇✯✼✳✧✯✒❖✌❑✫❉
❖✌❑❱✸❆✸❢❑✫❖✼❖✖✳✫✸❊✱✲❑✫✵➢❖✼✿ ❑✫✯➏❄✖● ✵✼✯✼✷❳❄✶✷❃❉❊✷✽❉◆❖✌❑❱✸✴✳✧✺ ❉
✡
❝❞❑❱✸✧ï✏î✍✎➒✭⑨✖✰● ❘✩P❋✵✼✺ ✿ ✺ ❵✶✸✴✷❃❂❃❘✽❯✩❑✫✯✼✺ P❋✵✼✷✤❉✽● ❘✽❯❁✸✴✺ ✱✤❑✧✿ ✳✫✸✴❉❢◆




✿ ❑❳✱✴✷✽✯✼❉❊✺ ✳✧✯➦✻✧✿ ✳✧❵✌❑✫✿ ✷❳❄✶✵❞❨✌✿ ❂Þ❄✶❘❁❨✌✯✼✺ ✷◆❯✽✳✧❂❃❂❃✷




∆F (h) + Πh = 2σ(cos θ − 1)
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vésicule tendue vésicule flasque
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(r2 − r2f ) + κ
∫ r
rf














































































zx dz = r2z −
∫ z
0































r sin θ − rf sin θf =
∆pf
2σ
(r2 − r2f ) +
κ
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Ú❜➀❫➌✌➍ Ú◆➃❏➐ ➍➢❽➍P✹➁✴➌❡Ñ✧➃❏➐ ➃
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➇❡❼✤➳✫❿✩➌✖➅❋➁✜➃❊➀✌➄í➐ ➃❊➣❬➆➊➃❊➇❡❼➑↕ φl ➝✟❽❲➉ ➃❏➄❲❽❬➁✴➌✌➐❏➐➒❼➦➐➒❼✣➐❥➀✌➄➊ÒÐ➇❡❼✣➐❥➌➈➅❱➀✌➐❥➀✌➄✰➄❀❼❫↔❇❻❜➌✒➳❬➀✌❿✧➍➓❼➢➇❡❼✫❽➏Ñ✧➆➊➐→➐➒❼✧❽➏❼✫❽❬➁❃➅❱➀✌➄✹➇✌➃✜➁✜➃❊➀✌➄✰➄❀➂❱❼➲❾❦➌✌❿
➐❱➉ ➂❢❾❦➌✌➃→❽✫❽❫❼✧➆➊❿➓➇✌➆✟Û❆➐ ➍✈➐ ➃❊➣❬➆➊➃❊➇❡❼➓➣❬➆➊➃❳➐➒❼✫❽➎❽❫➂❢❾❦➌✌❿✫❼❇Ó▲❾❦➀✌➆➊❿➓➇❡❼✫❽❃Û❆➐ ➍➢❽✟➂❢❾❲➌✌➃→❽✫➤❃➐➒❼✫❽➓Ñ✧➆➊➐❏➐➒❼✫❽➎❽❋➀✌➄❚➁❳❽❢❾✰➠❲➂✧❿✧➃❊➣❬➆✰❼✫❽✟➁✴➌✌➄✹➇✌➃→❽
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Film de tensioactifs Film de protéines




✥➉❯④➂✩➅✫➌✌➄✰➃→❽✧➍➓❼➢➇❡❼➦❽❬➁✴➌❡Ñ✧➃❏➐ ➃→❽❋➌❙➁✜➃❊➀✌➄q➇❇➉ ➆➊➄➏Û❆➐ ➍ ➍➎➃❏➄✹➅✧❼❧❽❋➀✌➆➊➍➎➃→❽❵❅➑➆➊➄✡➂❬➁✜➃❏❿✫❼✧➍➓❼✧➄❚➁❢↔✳✹✣➌✌➄❲❽➦➐➒❼➎➅✫➌✼❽➎➇❇➉ ➆➊➄
Û❆➐ ➍ ➇❡❼➏➁❢❼✧➄❲❽✧➃❊➀✶➌✖➅❋➁✜➃ ➳❱❽❶❹➈➅❬➐❥➌✼❽✫❽✧➃❊➣❬➆✰❼✫❽❚❺✌➤❳➐➒❼✫❽➏➍✟➀✌➐➒➂✩➅❬➆➊➐➒❼✫❽➑➇✌➃ ➞❳➆❡❽❫❼✧➄❚➁❃➐❥➌❙➁❢➂✧❿❱➌✌➐➒❼✧➍➓❼✧➄❚➁✒➌✩Û❆➄ ➣❬➆✰❼➏➐➒❼➲Û❆➐ ➍✈❿✫❼✩➅✫➀✌➆❢❀❫❿❱❼
➆➊➄❀❼➎➁❢❼✧➄❲❽✧➃❊➀✌➄✡➇❡❼✣❽✧➆➊❿✜➳❬➌✖➅✫❼➓❼❬➁✤➆➊➄❀❼✟➂❢❾❲➌✌➃→❽✫❽❫❼✧➆➊❿✣➠❦➀✌➍✟➀✫Ò❡➟✧➄❀❼✫❽Ð↕✽❼✜➞✘❼❬➁❩❯í➌✌❿✩➌✌➄➊Ò✖➀✌➄✰➃ ➝✖↔✞✹✣➌✌➄❲❽✣➐➒❼➏➅❱➌✼❽➏➇❇➉ ➆➊➄✟Û❆➐ ➍ ➇❡❼
❾❚❿✩➀❙➁❢➂✧➃❏➄❀❼✫❽✫➤✛➐➒❼✫❽❧➅❱➀✌➆❲➅✧➠❲❼✫❽➦➇❇➉ ➌✖➇✼❽❋➀✌❿❢❾✹➁✜➃❊➀✌➄Ð❽❫❼❧➇❡➂✜➳❬➀✌❿✧➍➓❼✧➄❚➁❇❽❋➀✌➆❡❽✒➐❥➌➏➅✫➀✌➄❚➁✜❿✩➌✌➃❏➄❚➁❢❼✒➍➓➂✩➅✫➌✌➄✰➃❊➣❬➆✰❼✫➤✹❾❚➆➊➃→❽✒❿❱❼✧➐❥➌❫➔❡❼✧➄❚➁✭❀✌❼✧❿✫❽

















































































































































































disque poreuxcuve contenant 











➅❱➌✌➍➓➂✧❿❱➌➜➄✰➆➊➍➓➂✧❿✧➃❊➣❬➆✰❼❫↔✭✹➢❼❞❾❚➐ ➆❡❽✫➤✘➀✌➄➜❾✰❼✧➆❦➁✒➅❱➀✌➄✰➄✹➌✌Ý✜➁✜❿✫❼➎➐➒❼❙❀✼➀✌➐ ➆➊➍➓❼➓➇❡❼➎❽❋➀✌➐ ➆❦➁✜➃❊➀✌➄✡➃❏➄✄Þ❋❼❱➅❋➁❢➂❱❼➓➇✖➌✌➄❲❽➎➐❥➌➜➍✟➀✌➆❡❽✫❽❫❼➄❅
➐❱➉ ➌✌➃❊➇❡❼❳➇❇➉ ➂✧➐➒❼✩➅❋➁✜❿❱➀❫➇❡❼✫❽✤❽✫➃✜➁✜➆✰➂✫❼✫❽❳➇✖➌✌➄❲❽✲➐❥➌❧➅❬➆❢❀✌❼❫↔❢✷✤➄✶Û❆➄❲➤❀➀✌➄✒❾✰❼✧➆❦➁❚❽✧➆➊➃✚❀❫❿✫❼✲➐➒❼❃➇✌❿✩➌✌➃❏➄✹➌❫Ò❡❼✛Ò❙❿✐❻✖➅✫❼✗❅✘➆➊➄✗Þ❋❼✧➆➎➇❇➉ ➂✧➐➒❼❱➅❋➁✜❿✩➀✶➇❡❼✫❽
➇✌➃→❽❢❾❦➀✼❽❫➂✫❼✫❽➦➐➒❼❧➐❥➀✌➄➊ÒÐ➇❡❼➦➐❥➌➑➅✫➀✌➐❥➀✌➄✰➄❀❼❹Ý✤➀✌➄④➌➑➌✌➃❏➄❲❽✧➃◆➌✖➅✫➅✫➟✫❽➎➌✌➆➏❾❚❿✩➀✩Û❆➐✏➇❡❼◆➳✫❿❱➌✖➅❋➁✜➃❊➀✌➄ ➐ ➃❊➣❬➆➊➃❊➇❡❼➢➇✖➌✌➄❲❽❧➐❥➌✟➍✟➀✌➆❡❽✫❽❫❼❫↔
































































































































l’intensité transmise est 
homogène selon z
l’intensité transmise est 

































































































































































































































































































































































































































































































































































































































































































t=0 t=1 h t=2 h t=2h50
(a)   mousse de -caséine
t=0 t=28 mint=16 mint=10 min
(b)   mousse de SDS
❷❳❸❏❹❳❺❋➠✞✤ ➧
✥✴✷❏❀✼➀✌➐ ➆❦➁✜➃❊➀✌➄ ➇❡❼Ð➐❱➉ ➃❏➄❚➁❢❼✧➄❲❽✧➃✜➁❢➂➈➇❡❼Ð➐ ➆➊➍➎➃✴➟✧❿❱❼➜➁✜❿✩➌✌➄❲❽✧➍➎➃→❽❫❼➜❼✧➄ ➳❬➀✌➄✹➅❋➁✜➃❊➀✌➄➋➇✌➆ë➁❢❼✧➍✒❾✰❽➢❾❲➀✼➆➊❿❇Ó❙Û
➾✱Ü
➆➊➄❀❼











➐❥➌q➣❬➆❲➌✼❽✧➃❏➡❢➃❏➄❚➁❢➂❊Ò✌❿❱➌✌➐ ➃✜➁❢➂➜➇✌➆ ➐ ➃❊➣❬➆➊➃❊➇❡❼Ð➃❏➄✄Þ❋❼✩➅❋➁❢➂➜➇✖➌✌➄❲❽➓➐❥➌í➍✟➀✌➆❡❽✫❽❫❼➑❽✰➉ ❼✫❽❬➁➦➂❱➅❱➀✌➆➊➐➒➂✝➇✖➌✌➄❲❽➑➐❥➌q➅❬➆❢❀✌❼❫↔❳❻❇❼➏Ò✌❿❱➌✖➇✌➃✴❼✧➄❚➁➦➇❡❼







































formation de la mousse 
(injection de N2)
effondrement de la mousse
❷❳❸❏❹❳❺✑➠✞✤ ➫
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✯✰❃✘❖ ∼ ☞ ✝ ☞ ✝✔➝ ➜ ß✱✿ ➠▼✝✔➝✄➳✄ß✱✿ ➝ ➜ ✝✔➝✄➠✄ß✱✿
P
Lt=0






















































































































































































































































































































































































































































































































































➐❱➉ ➂✍❀✼➀✌➐ ➆❦➁✜➃❊➀✌➄✡❼✧➄➏➳❬➀✌➄✹➅❋➁✜➃❊➀✌➄④➇✌➆ ➁❢❼✧➍✒❾✰❽➢➇❡❼➦➐❥➌Ð➅❱➀✌➄✹➇✌➆❲➅❋➁✴➌✌➄✹➅✧❼➎➇❡❼➎➇❡❼✧➆❙➔➑➍✟➀✌➆❡❽✫❽❫❼✫❽✫➤✲➍➓❼✫❽✧➆➊❿❱➂❱❼❙❅➑➇✌➃ ➞✘➂✧❿✫❼✧➄❚➁❢❼✫❽➦➠❦➌✌➆➊➡
➁❢❼✧➆➊❿✫❽➈➇❡❼➑➐❥➌④➅✫➀✌➐❥➀✌➄✰➄❀❼❫↔❼➒❳➄í❾❲❼✧➆❦➁✣❼✧➄➋➇❡➂✩➇✌➆➊➃❏❿✫❼➈➣❬➆◆➉ ❅④➁✴➀✌➆❦➁❞➍✟➀✌➍➓❼✧➄❚➁✒➐❥➌➑❾❦➌✌❿❬➁✜➃✴❼➜Ñ✩➌✼❽✫❽❫❼➈➇❡❼➑➐❥➌í➍✟➀✌➆❡❽✫❽❫❼➜❼✫❽❬➁✒➐❥➌
❾❚➐ ➆❡❽➓❿✧➃❊➅✧➠❲❼Ð❼✧➄ ❽❋➀✌➐ ➆❦➁✜➃❊➀✌➄❀↔✭✹➢❼➦❾❚➐ ➆❡❽✫➤❞➅✧❼✫❽Ð➅❱➀✌➆➊❿❫Ñ✫❼✫❽➑➄✹➀✌➆❡❽✟❿❱❼✧➄❲❽❫❼✧➃❥Ò✌➄❀❼✧➄❚➁✘❽✧➆➊❿✟➐❥➌④➅❬➃❏➄❀➂❬➁✜➃❊➣❬➆✰❼Ð➇✌➆ ➇✌❿✩➌✌➃❏➄✹➌❫Ò❡❼❫↔❜✷✤➄
➐❱➉ ➀❫➅✫➅❬➆➊❿✧❿❱❼✧➄✹➅✧❼✫➤➢➃❏➐✒❼✫❽❬➁➎Ñ❱❼❱➌✌➆❲➅❱➀✌➆✼❾ë❾❚➐ ➆❡❽➈❿❱➌✧❾❚➃❊➇❡❼✝➇✖➌✌➄❲❽➈➐➒❼✝➅✫➌✼❽✝➇❇➉ ➆➊➄❀❼➜➍✟➀✌➆❡❽✫❽❫❼✝➇❡❼☛➦❩P
✇
❅➈❾✢➑ ∼ ✕ ➣❬➆✰❼í➇✖➌✌➄❲❽















































































































































































































































































































































û❋✭✫❩✏✯✶✷➎❖✌❑❱✸❊✱✴✺ ✷➏❄✶✷✽❉❞❖✶✸✴✳✫✱✴❘✽✺ ✯✼✷✽❉➦❄✶✷➎✿ ❑➓❉❊✳✧✿ ✵✶✱✴✺ ✳✧✯í✺ ✯❣❍❏✷✽❯❁✱✴❘✽✷➏❄✼❑✫✯✼❉❧✿ ❑➓❂❃✳✧✵✼❉❊❉❊✷➢❉❊✳✧✯❋✱✣❄✶❘✽❉❊✳✫✸✴❂➲❑✫✺ ❉➦❑✧❄✶❉❊✳✫✸✴❵❙❘✽✷✽❉
þ
✿❥● ✺ ✯❋✱✴✷❁✸❊❣❥❑✫❯✽✷









✥✴P❀➅✧➠❲➂✧➍✟➌ ❽✧➃❏➄➊Ò✌➆➊➐ ➃✴❼✧❿Ð➇❡❼➈➇✌❿❱➌✌➃❏➄✹➌❫Ò❡❼➈➇❜➉ ➆➊➄❀❼➑➍✟➀✌➆❡❽✫❽❫❼❫↔✲❻✏❼✫❽➎Ò✌❿✩➌✧❾✰➠❡➃❊➣❬➆✰❼✫❽➢❾❚❿✫➂✫❽❫❼✧➄❚➁❢❼✧➄❚➁❞➐❱➉ ➂✍❀✼➀✌➐ ➆❦➁✜➃❊➀✌➄
❼✧➄➓➳✧➀✌➄✹➅❋➁✜➃❊➀✌➄✡➇✌➆í➁❢❼✧➍✒❾✰❽➏➇❡❼➢➐❥➌➈➅✫➀✌➄✹➇✌➆❲➅❋➁✴➌✌➄✹➅✫❼✟➇❡❼➏➇✌➃✚❀✌❼✧❿✫❽❫❼✫❽➎➍✟➀✌➆❡❽✫❽❫❼✫❽✫➤✤➍➓❼✫❽✧➆➊❿✫➂❱❼➄❅➈➇✌➃ ➞✘➂✧❿✫❼✧➄❚➁❢❼✫❽✣➠❦➌✌➆❦➁❢❼✧➆➊❿✫❽✟➇❡❼
➐❥➌➈➅❱➀✌➐❥➀✌➄✰➄❀❼❫↔✞✹✣➌✌➄❲❽✣➁✴➀✌➆❡❽✣➐➒❼✫❽➎➅❱➌✼❽➲❾❚❿✫➂✫❽❫❼✧➄❚➁❢➂✫❽✣➃❊➅❬➃→➤✲➐❱➉ ➂✧➐➒❼❱➅❋➁✜❿✩➀✶➇❡❼➢➐❥➌✣❾❚➐ ➆❡❽➎Ñ❱➌✼❽✫❽❫❼✣➄▲➉ ❼✫❽❬➁❜❾❲➌✼❽➢➅✧❼✧➐→➐➒❼➏➣❬➆➊➃✲➃❏➄✹➇✌➃❊➣❬➆✰❼✣➐❥➌







t=0 t=10 min t=17 min t=21 min
❷❳❸❏❹❳❺★➠✞✤✳➝✄➠
✥➽✷❏❀✼➀✌➐ ➆❦➁✜➃❊➀✌➄ ➁❢❼✧➍✒❾❲➀✌❿❱❼✧➐❏➐➒❼ ➇❡❼q➐❱➉ ➃❏➄❚➁❢❼✧➄❲❽✧➃✜➁❢➂✡➇❡❼q➐ ➆➊➍➎➃✴➟✧❿✫❼✡➁✜❿❱➌✌➄❲❽✧➍➎➃→❽❫❼Ð❾❦➌✌❿q➆➊➄❀❼✡➍✟➀✌➆❡❽✫❽❋❼ ➇❡❼ β ➡
➐❥➌✖➅❋➁✴➀❱Ò✌➐❥➀❡Ñ✧➆❦➐ ➃❏➄❀❼❧❾❚❿❱➂❢❾❲➌✌❿❱➂✫❼➑➇✖➌✌➄❲❽➎➐➒❼✫❽✟➅✫➀✌➄✹➇✌➃✜➁✜➃❊➀✌➄❲❽➢❽✫➆➊➃✚❀✼➌✌➄❚➁❢❼✫❽✏Ó✲➅
β−lg





















































































































































































































































































➇✌➃ ➞✘➂✧❿❱❼✧➄❚➁❢❼✫❽◗❀❫➃✜➁❢❼✫❽✫❽❫❼✫❽➦➇❇➉ ➃❏➄✄Þ❋❼✩➅❋➁✜➃❊➀✌➄ ➇✌➆➏Ò✖➌
➼
↔✭➒❳➄ ➀❡Ñ✫❽❫❼✧❿✍❀✌❼✣➣❬➆✰❼❞➐❥➌✟➇❡➂❬➁❢❼✧❿✧➍➎➃❏➄✹➌❙➁✜➃❊➀✌➄í❼✩➔✧❾❲➂✧❿✧➃❏➍➓❼✧➄❚➁✴➌✌➐➒❼✣➇✌➆➍❀✼➀✌➐ ➆➊➍➓❼

























































































































































































































































































































































































































































































































































































































































➀✌➍✒❾❲➌✌❿✩➌✌➃→❽❋➀✌➄➑➇❡❼✫❽↔❀❫➃✜➁❢❼✫❽✫❽❫❼✫❽✘➇❡❼✘➇✌❿✩➌✌➃❏➄✹➌❫Ò❡❼✘➇❇➉ ➆➊➄❀❼❳➍✟➀✌➆❡❽✫❽❫❼✘➇❡❼ β ➡✽➅❱➌✼❽❫➂✧➃❏➄❀❼✣↕❁➅ β−ca ❈❧➛✶➤✤❁❧➍➦Ò✍❂❚➍✣❻✏➤














































































































































































➝ ➜ ➧ ✍✏✎ Ï✒✑❋Ö☛❰❏Ø❇Ò⑦⑥✖✕Ï✗✾Ò❋Ø★Ô❘Ñ❺❰ ➨❈❰✒➭❏Ó★Ò✉Ó★Ò✺Ô❨Õë✢➢➭✧Ô✜Ô❊Ò✺Ô❨Ó★ÒÞ✑❋Ø➦✢❚❰✏➨❋Ö❁✙❈Ò✺Ô
✕✜✗✠☎✜☎✘✙✥✬✛ý✏✒❇✕✜✗✠☎✘ ❚✪ ý☛✌✼❃✜✚✘✙✏☎✘✗éß✱✣✏☎✛ý☛✌✞þ✫ý☛✌✓❃❙✗✠☎✘✌✔✂ ❆ ✪ ý☛✌❇✕÷ý❚✌✔✂■✕✜✙☛✌✓✒✔✂ ❆÷î ✪ î ✌✔✂✆✒ î ✗✠☎✭✤
④ Ó ❀ t ❭ ⑧ ❳ ❍✙●✛● ❭✫❨❬❪ ➬ ① ❍ ❩③② ✇ ✈✌❭✫❩✫❭ ● ❱❾✈✌❭✶❨❬❪ ① ✇ Ú ❍ ❳❹ó ✇ ❨✩❳✜❨ ❈❋❍❆Ý ❱❬❪ ❍ Ú✻❨ ✇ ❳✉â✄❩✫❨❼ò ✇❋❍ ❳
❩ ❍✾Ø➄➃ ❳✜❭ ●✪●✪❍❷Ø➺❍ ❪✞✈✑①❝② ⑩Ü● ✈ ❉ ❱❬❩✫①
 ❈✗✠☞✘✌✛✂☛✖✟✗✠☎✘✌★✖❊☞❱❃÷þ✁✙☛ ☛✙☛✕÷ý❘ßrß✓ý✏☎❊✒✰✡✟☞✛ý✰✪ ✂ ý ❵ ✗✠☎✘✕❦þ✫ý❘ß✓ý✏☎❊✒✰✕÷ý☛✌✟ß✱✗✠☞✘✌✁✌✫ý☛✌✢✗ ❆ ✙ î ✌✁✌✔✂ î ✒✛✌ î ß✛☞✜✪✳✒✔✂✆☎✘✙❘ß✓ý✏☎❊✒✰✂✆☞✞❞
✒✹þ✁✗ î ✌❰ß✱✙☛ ✄✂✆☎ î ✌✹ß✓ý☛✌✰✌✓☞ î ✖✥✂✆☎❊✒✁✌ ✡ ✪ ý✱✕❦þ✔✂ î ☎✑✂ ❉ ý✥✬✻✪ ý✓ß✰❜÷þ î ✌✁✌✫ý❘ß✓ý✏☎✟✒■✕ ✂ ☎ ✌✓✒❑➷❁✂✆✪✫✕✳ý✏✒✛✪✲✂❬ ☛✗❂✂✆✪ ý✏✌✁ íý✏☎✘ íý✥✤✾✿ ✂ ☞✜☎✛ý✮✕÷ý☛✌
✕ î ✪✮ ✏☞✜✪✳✒✁✙☛✌✼✕÷ý❇✪ ✂ ✙✏✒✓☞✘✕÷ý★✕÷ý☛✌ ß✱✗✠☞✘✌✁✌✫ý☛✌❾ý☛✌✓✒✺✕÷ý❇❃❙✂◆þ✓✖➃ý✏☎ î þ✶✯ î ✌✁✗✠✪ ý❘þ✺✪ ý☛✌❾ý ❵ ý✏✒✁✌✺✕÷ý❈ ✔✚✑✂✠ ✏☞✜☎❭✕÷ý❈ íý☛✌✺❃✜✚✘✙✏☎✘✗éß✱✣✏☎✛ý☛✌✄✤





✇❷ý✏✒✺✕ ✂ ✂ ♠ ✗✠✒✫ý ⑩ ♦❚✂✆☎✑➫ ☞ ❶ ⑩ ❯✞✂▼●❍➳✞➝❬❶❡✤ ✁✄✂ ☞✜☎❘❃❙✗ î ☎❊✒❁✕÷ý✶✖❊☞✛ý✞ý❝❞✞❃❅✙❘þ î ß✓ý✏☎✟✒✔✂✆✪❍✬❊✪✲✂✢❃÷þ✁✙☛✌✫ý✏☎✘ íý
✕÷ý❨❃✌ý❘þ✹➮✘☞✘✗éþ✁✗✠✚✛ý❝❞✘✂✆☎✛ý❂✬ ❉ ✂ ♠ ✒✹þ✁✣☛✌✎✚✟▲✞✕❦þ✁✗✠❃✜✚✘✗ ❆ ý✥✬✧❃✌ý❘þ✹ß✓ý✏✒✮✕÷ý❨✪ î ß î ✒✫ý❘þ✱ ☛✗✠☎✘✌ î ✕✜✙❘þ✔✂ ❆ ✪ ý❘ß✓ý☛☎✟✒✮✪✲✂❲  î ☎✘✙✏✒ î ✡✟☞✛ý❭✕✞☞
ß✰❜÷þ î ✌✁✌✫ý❘ß✓ý❝☎❊✒✰✕ ✂ ☎ ✌✓✒❡➷✼✂✆✪✫✕◗✤✻✿ ✂ ✗ ❆ ✷✕ý☛ ✏✒ î ●❇✕÷ý✱ íý✏✒✓✒✫ý✱❃✑✂◆þ✓✒ î ý✻ý☛✌✓✒✛✕ ✂ ✙✏✒✓☞✘✕ î ý❘þ✰ íý✏✒❰ý ❵ ý✏✒■✯❨✪ ✂ ✙☛ ✁✚✛ý✏✪✳✪ ý✮✕ ✂ ☞✜☎✛ý✮✌✫ý✏☞✜✪ ý
❆ ☞✜✪✳✪ ý✥✤✺✦✾✗✠☞÷þ❨ íý✏✪✲✂✞✬✸☎✘✗✠☞✘✌❨✂✄✖❂✗✠☎✘✌✻þ✫ý✏❃÷þ î ✌❘✪✲✂➥✒✫ý☛ ✁✚✜☎ î ✡✟☞✛ý✩❃÷þ✁✙☛✌✫ý✏☎❊✒✁✙íý❲✂✆☞t ✁✚✑✂✆❃ î ✒✹þ✫ý❩➨❥✂ ✴ ☎t✕÷ý✩ ☛✗éß✎❃✑✂◆þ✫ý❘þ❨✪✲✂
✖ î ✒✫ý☛✌✁✌✫ý❚✕÷ý✛✕ î ✌✓❃✑✂◆þ î ✒ î ✗✠☎❩✕ ✂ ☞✜☎✛ý ❆ ☞✜✪✳✪ ý❧þ✫ý❘ß✎❃✜✪ î ý✛✕ ✂ ✂ î þ❈✯✎ íý✏✪✳✪ ý✛✕ ✂ ☞✜☎✛ý ❆ ☞✘✪✵✪ ý❧þ✫ý❘ß✎❃✜✪ î ý✛✕ ✂ ☞✜☎❀ß✱✙✏✪✫✂✆☎ ❉ ý✛✕ ✂ ✂ î þ✞ý✏✒































❷❳❸❏❹❳❺✶➠✞✤ ➜ ➳ ✥ ● ➀✌➍✒❾❲➌✌❿✩➌✌➃→❽❋➀✌➄ ➇❡❼í➐❱➉ ➂✍❀✼➀✌➐ ➆❦➁✜➃❊➀✌➄Ï➇❇➉ ➆➊➄❀❼qÑ✧➆➊➐→➐➒❼í❿✫❼✧➍✒❾❚➐ ➃✴❼④➇❇➉ ➌✌➃❏❿➡❅ë➅✧❼✧➐→➐➒❼q➇❇➉ ➆➊➄❀❼qÑ✧➆➊➐❏➐➒❼í❿❱❼✧➍✒❾❚➐ ➃✴❼➇❇➉ ➆➊➄í➍➓➂✧➐❥➌✌➄➊Ò❡❼➎➇❇➉ ➌✌➃❏❿➢❼❬➁❃➇❡❼❃❾✰❼✧❿✁➠✲➆❲➀✌❿✩➀✼➠❲❼✩➔❡➌✌➄❀❼❫↔❇❻❇➌❧❾❚❿✫➂✫❽❫❼✧➄✹➅✫❼➏➇❡❼❃❾✰❼✧❿✁➠✲➆❲➀✌❿✩➀✼➠❲❼✩➔❡➌✌➄❀❼✫➤❃➌✌➆✝➐ ➃✴❼✧➆ ➇❡❼✣❿✩➌✌➐➒❼✧➄❚➁✜➃❏❿➦➐❥➌➇❡➂✩➅❬❿❱➀✌➃→❽✫❽❋➌✌➄✹➅✫❼➎➇❡❼➦➐❥➌ÐÑ✧➆➊➐❏➐➒❼✫➤❃❼✫❽❬➁❩❅✟➐❱➉ ➀✌❿✧➃❥Ò✌➃❏➄❀❼✣➇❇➉ ➆➊➄❀❼➢➌✌➆❙Ò✌➍➓❼✧➄❚➁✴➌❙➁✜➃❊➀✌➄ ❽❢❾❲❼❱➅❋➁✴➌✖➅❬➆➊➐❥➌✌➃❏❿❱❼➏➇✖❼❧❽❋➌➑➁✴➌✌➃❏➐→➐➒❼❫↔
ë✛ä✪✩◆ä❢å ✯ ➆➃➊✤➁✍➊◆ó❦➊ ñ ➇★➇÷➁❀➆➃➐✪➏✌ç ñ ➁✍➀✌➁➃➏➴➇✢✬❆é✩➐✛➆❮➂✓✃➼➇✪➌❹➁✍➀▲ç✭✬
✿❄ý✱❃✌ý❘þ✹➮✘☞✘✗éþ✁✗✠✚✛ý❝❞✘✂✆☎✛ý❂✬✻✪ î ✡✟☞ î ✕÷ý✮✯❨✒✫ý❘ß✎❃❅✙❘þ✔✂✆✒✓☞÷þ✫ý❨✂◆ß ❆✛î ✂✆☎❊✒✫ý✥✬❆ý☛✌✓✒✢✒✹þ✁✣☛✌✢✖❂✗✠✪✲✂✆✒ î ✪❍✤ ☎ ☎★ý✏☎❽❃✜✪✲✂✠ íý✮✡✟☞✛ý✏✪✫✡✟☞✛ý☛✌ß î ✪✳✪ î ✪ î ✒✹þ✫ý☛✌✢✕✘✂✆☎✘✌★☞✜☎➪þ✁✙☛  î ❃ î ý❝☎❊✒❚✚✛ý❘þ✹ß✱✙✏✒ î ✡✟☞✛ý✥✬◗✕✘✂✆☎✘✌★✪ ý☛✡✟☞✛ý✏✪✧✗✠☎❲❃✜ý✏☞✜✒ î ☎✟✒✹þ✁✗❊✕✞☞ î þ✫ý■☞✜☎✛ý❋ß î  ❘þ✁✗✆✝❡✌✫ý❘þ î ☎ ❉ ☞✛ý✥✤❏❀ ý
þ✁✙☛  î ❃ î ý✏☎✟✒rý☛✌✓✒✛✪✫✙ ❉ ✣❘þ✫ý❘ß✓ý✏☎✟✒✎ ✔✚✑✂✆☞ ❵ ✙❩✈qr ∼ ➟✥➳ ◦ ❀✼✇✛✂ ✴ ☎❫✕ ✂ ý✏☎÷þ î  ✔✚ î þ✰✪✲✂❬❃✜✚✑✂✠✌✫ý✱✖✥✂✆❃✜ý✏☞÷þ❋ý✏☎❫❃✌ý❘þ✹➮✘☞✘✗éþ✁✗✠✚✛ý❝❞✘✂✆☎✛ý✥✤


































































































































































































































































































































● ✵✼✯✒❖❙✳✧✺ ✯❋✱✏❄✶✷❆❴❫✵✼✷✛✱✴❭✼✷❁✸✴❂❃✳❫❄➻ ✶✯✌❑✫❂❳✺ P❋✵✼✷✧✾✶✿ ✷❆❖❙✳✫✱✴✷✽✯❋✱✴✺ ✷✽✿➊❯❢❭✼✺ ❂❃✺ P❋✵✼✷❆❄✶✵❞❖❙✷❁✸✶Ô✌✵✼✳✫✸✴✳✧❭✼✷❁◗✼❑✫✯✼✷❆❄✼❑✫✯✼❉❇✿ ❑❳❵✼✵✼✿ ✿ ✷❆✯❡● ✷✽❉✜✱✏❖✌❑✫❉❜❘✽✻❬❑✫✿
þ






✥✴✷❏❀✼➀✌➐ ➆❦➁✜➃❊➀✌➄ ➇✌➆ ❿✩➌✌Ü✖➀✌➄ ➇❇➉ ➆➊➄❀❼✝Ñ✧➆➊➐❏➐➒❼ ❼✧➄ ➳❬➀✌➄✹➅❋➁✜➃❊➀✌➄➋➇❡❼Ð➐❥➌✡➅✫➀✌➍✒❾❦➀✼❽✧➃✜➁✜➃❊➀✌➄ ➇✌➆ ➍➓➂✧➐❥➌✌➄➊Ò❡❼➓Ò✖➌
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❼✧➆❙➔



















































































































































































































































































































































































































































































































































































✿❡❣❥❑✫✵✌❄❫✸❢❑✫✺ ✱✛❴❬❘❁✸✴✺ ❨✌✷❁✸✏❯❁✷✽❯✽✺❦✷❁◗✶❖❙❘❁✸✴✺ ❂❃✷✽✯❋✱❢❑✫✿ ✷✽❂❃✷✽✯❋✱❜✷✽✯❧❘❁✱✴✵✌❄✶✺ ❑✫✯❋✱✏✿❥● ❘✽❴❬✳✧✿ ✵✶✱✴✺ ✳✧✯✣❄✖● ✵✼✯✼✷❆❵✼✵✼✿ ✿ ✷✤❑✧❄✶❉❊✳✫✸✴❵❙❘✽✷✲❉❊✳✧✵✼❉❇✵✼✯✼✷◆✿ ❑✫❂❃✷✽✿ ✿ ✷✤❄✶✷

















































































































































































































































































































































































































































































































































































































































































































































































































































































➇✼❽❋➀✌❿❫Ñ✫❼✩➇➽④✤❿✩➀❙➁❢❼✧➃❏➄ ❯í➀✌➐➒❼✩➅❬➆➊➐➒❼✫❽ ➌✼❽❐P✹➁✜➆❲➇✌➃✴❼✩➇ Ñ✧Ü

























































































































































































































































































































































































































❯✞✂▼●❍➳✞➝✧❶❙r ❺◗❷❨t✪✭❬✉❲❝❖t❲✐✳♠✞❥❼r ❺❳s❱❝✳q❹t❲✐✳✈❏❥◗❛Ð❺◗❷❨t✏❸✚✐✠⑦❨❡✏➅⑨t❲♣❢➇❺♠♦➀✱❥◗sÐ❺ ❧❉t❲✐❜❹❉♠⑨⑧✏❸✚✐ ♠✢⑦➏❴➈❺ ❣◗♠♦q✹❹❉♠♦q❨✉❲✐✾✬
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➊➲❼✧⑦✧❹ ❷ ✄①✠â❼✾❿❫❷ ⑩❶⑨ ②❄➋ ② ⑦✛✠➹⑩❶⑨❡➌➩❺➥❿❫❼❆✄❶⑨❸❷
③ ❹ ✞❫❪è❼✛✞❫❪è❼✧⑦✾⑨❸❷ rt③ ✄❶⑨ ③⑥❿ ②❐❪è❼✻❺➥⑨✉②✉❺✡③❶❿❽⑨










































































































































































































































































n = 1αcyclodextrine 
n = 2       βcyclodextrine 


















































































































































































































































































































































































































































































































































































































































































































































































❝❞✮❨✝➏❖❙✳✧❉❊❉❊❪✩❄✶✷✏❄✶✷✽❉❚❖✶✸✴✳✧❖✶✸✴✺ ❘❁✱✴❘✽❉❚❖✼❭õ ✶❉❊✺ ❯✽✳✏✂→❯❢❭✼✺ ❂❃✺ P❋✵✼✷✽❉❲❉❊✵✶✸✴❖✶✸✴✷✽✯✌❑✫✯❋✱✴✷✽❉✽✭❋✮✰✿ ✿ ✷❇❖✶✸✴❘✽❉❊✷✽✯❋✱✴✷❜✷✽✯❃❖✌❑❱✸❊✱✴✺ ❯✽✵✼✿ ✺ ✷❁✸❀✵✶✯❃❯✽✳❋✷❵➓❃❯✽✺ ✷✽✯❋✱








ö✲➔✌ö✹✷✛❯✽✳✧❂❃❖❙✳✫✸❊✱✴✷✽❂❃✷✽✯❋✱✹❉❊✺ ✯✼✻✧✵✼✿ ✺ ✷❁✸❜❖✶✸✴✳❱❴❫✺ ✷✽✯❋✱❜❄✶✷✏✿ ❑
❉✜✱❊✸✴✵✼❯❁✱✴✵✶✸✴✷❆❄✶✷❆✿ ❑✤❯✽✳❫P❋✵✼✺ ✿ ✿ ✷✲❄✖● ❭õ ✼❄❫✸❢❑❱✱❢❑❱✱✴✺ ✳✧✯❞P❋✵✼✺✖✷✽✯❋✱✴✳✧✵✶✸✴✷❆✿ ✷✽❉❜❯✧ ✶❯✽✿ ✳✶❄✶✷❁◗❫✱❊✸✴✺ ✯✼✷✽❉✽✭
✐
❵✌❑✫❉❊❉❊✷❆✱✴✷✽❂❃❖❙❘❁✸❢❑❱✱✴✵✶✸✴✷✧✾✶❯✽✷❁✱❊✱✴✷✛❯✽✳✶P❋✵✼✺ ✿ ✿ ✷❆✷✽❉✜✱❜✱❊✸✴❪✽❉









































































































OR3R2O R2 = R6 = CH3, R3 = H ph-DIMEB






































































































































































































































































✳✧❂❃✷✽✯✼❯❁✿ ❑✫✱✴✵❫✸✴✷ ❯✴❭✼✺ ❂❃✺ P❋✵✼✷✢◆ î I ✂❢ù✜✬✧✾ ü✕✂❏❄✶✺ ✱✴✷❁✱❊✸❢❑✧❄✶✷✽❯✩❑✫✯✼✳✕ ✶✿ ✂ ✂→✻✧✿  ✶❯✽✷❁✸✴✳✏✂✚✔Ò✂→❖✼❭✼✳✧❉❊❖✼❭✼✳❋✷❁✱✴❭✌❑✫✯✼✳✧✿ ❑✫❂❃✺ ❄✶✳❋ý❏❉❊✵✼❯✽❯✽✺ ✯õ ✶✿ ❑✫❂❃✺ ❄✶✳✏✂✚î I ✂
❄✶✷✽❉❊✳✩◗➻ ➻✂✜ü I ✂❽✂→❂❃✷❁✱✴❭õ ✶✿ ✂➒❭✼✷❁◗✼❑✆→❫✺ ❉✩ù→ü II−V II ✾ î II−V II ✂❏❄✶✺ ✂❄✂→❂❃✷❁✱✴❭ç ✶✿ ý❏❯✧ ✶❯❁✿ ✳❬❂❃❑✫✿ ✱✴✳✧❭✼✷✽❖✶✱❢❑✫✳✧❉❊✷
✔❫✭
✤
✳✧❂❃✷✽✯✼❯❁✿ ❑✫✱✴✵❫✸✴✷ ❯❢❭✼✺ ❂❃✺ P❋✵✼✷⑨◆ î I ✂❢ù✜✬✧✾ ü✕✂❏❄✶✺ ✱✴✷❁✱❊✸❢❑✧❄✶✷✽❯✩❑✫✯✼✳✕ ✶✿ ✂ ✂→✻✧✿  ✶❯✽✷❁✸✴✳✏✂✚✔Ò✂→❖✼❭✼✳✧❉❊❖✼❭✼✳❋✷❁✱✴❭✌❑✫✿ ✳✧❂➲❑✫❂❃✺ ❄✶✳❋ý❏❉❊✵✼❯✽❯✽✺ ✯õ ✶✿ ❑✫❂❃✺ ❄✶✳✏✂✚î I ✂


































































































































































































































































































































































































































































































✥➍✾✫➐❏➐ ➆❡❽❬➁✜❿✩➌❙➁✜➃❊➀✌➄í➇✌➆➋➠✲➃ ❾✰➡❶➠❳➀✧❾④➇✖➌✌➄❲❽❞➆➊➄❀❼❞➍➓❼✧➍➓Ñ✧❿❱➌✌➄❀❼✣➇❡❼✤❾✰➠❦➀✼❽❢❾✰➠❦➀✌➐ ➃ ❾❚➃❊➇❡❼✫❽❫↔
●
❼✤❾✰➠❲➂✧➄✹➀✌➍➓➟✧➄❀❼✣➅✫➀✌❿✧❿❱❼✫❽✧➡
❾❦➀✌➄✹➇➍❅➏➐❥➌➑➇✌➃ ➞❳➆❡❽✧➃❊➀✌➄✝❽❢❾❦➀✌➄❚➁✴➌✌➄❀➂❱❼✣➇❡❼✫❽❳❾✰➠❦➀✼❽❢❾✰➠❦➀✌➐ ➃ ❾❚➃❊➇❡❼✫❽✣➇❇➉ ➆➊➄④➅q❤❙➁❢➂❵❅➏➐❱➉ ➌✌➆❦➁✜❿✫❼✣➇❡❼❧➐❥➌ÐÑ✧➃❊➅❱➀✌➆❲➅✧➠❲❼➑↕✜Ú◆➃❥Ò✌➆➊❿❱❼☛Û
➾✱Ü
➝✖↔
























































































































































































































































































































































































































































































➀✼➆➊❿✶Ñ❱❼✫❽➏➇❡❼➢❿❱➂✁➠❃❼❱➅❋➁✜➃✚❀❫➃✜➁❢➂➏➇❡❼➢❿❱➌✌Ü✖➀✌➄❲❽❺➟ ➇❡❼✫❽✤Û❆➐ ➍➢❽✣➄✹➀✌➃❏❿✫❽➢➇❡❼✘❾✰➠❡➡✶✹❺✾Ò❯➂✷▼➦ ❼❬➁➲➇❡❼✘❾✰➠✖➡➻❇▲➥✗✾Ò❯➂✷▼➦




































































































































































































































































































δ× ➝✄➳ 6 b ➝✥✬ ➟ ➝✥✬ ➭ ➝✥✬ ➭ ➝✥✬ ➟
✙✏❃✑✂
î

























c ➭✥➟ ➟✥➧ ☞ ➠✆➨




















































































































































































































































































































































































































































































































































































































































































Û❆➐ ➍ ❼✫❽❬➁❇❾❚❿✩➀✧❾❲➀✶❽❫➂✫❼➏➌✌➆➊➡✽➇❡❼✫❽✫❽❋➀✌➆❡❽❫↔✞✾✫➐❜❽❫❼➢➅✫➀✌➍✒❾❦➀✼❽❫❼➎➇❡❼➏➇✖❼❬➆❙➔➈➅✫➀✌➆❲➅✧➠❲❼✫❽➏➇❡❼➎➅❬Ü✖➅❬➐❥➀✶➇❡❼✩➔❙➁✜❿✧➃❏➄❀❼✫❽➏➌✌➍✒❾✰➠❡➃ ❾✰➠❡➃❏➐➒❼✫❽❧❽❫➂❢❾❲➌✌➡
❿❱➂✫❼✫❽✣❾❦➌✌❿➓➆➊➄❀❼➜➂❢❾❲➌✌➃→❽✫❽❫❼Ð➅✫➀✌➆❲➅✧➠❲❼➜➇❇➉ ➠❡Ü✖➇✌❿✩➌❙➁✴➌❙➁✜➃❊➀✌➄❀↔➄↕➊➆✰❼➑➐❱➉ ➂❢❾❦➌✌➃→❽✫❽❫❼✧➆➊❿➈➇❡❼➈➅✫❼❬➁❊➁❢❼➜➅❱➀✌➆❲➅✧➠❲❼✫➤✣➀✌➄ë➄❀❼✟❽✰➉ ➌❙➁❊➁❢❼✧➄✹➇➓❾❦➌✼❽
❅✝➅✫❼➓➣❬➆✰❼✟➁✴➀✌➆❦➁❢❼✫❽➎➐➒❼✫❽➎➍✟➀✌➐➒➂✩➅❬➆➊➐→❼✫❽➓➇❇➉ ❼✩➌✌➆ ❽❋➀✌➃✴❼✧➄❚➁❃➐ ➃✴➂❱❼✫❽✟➌✺❀✌❼❱➅✟➐❥➌➈➍③❘✧➍➓❼❃➳❬➀✌❿✩➅✧❼✟➌✌➆❙➔✝➅❬Ü✖➅❋➐❥➀❫➇❡❼✩➔❙➁✜❿✧➃❏➄❀❼✫❽❖Ý❳➃❏➐✲❼✩➔✌➃→❽❬➁❢❼




➄❀❼➈➄✹➀✌➆❡❽➎❾❲❼✧❿✧➍➑❼❬➁❃❾❲➌✼❽✝➇❇➉ ➌❙➅✫➅✫➂❱➇❡❼✧❿✿❅ ➅✫❼✫❽ ➇✌➃ ➞✘➂✧❿❱❼✧➄❚➁❢❼✫❽➈❽❬➁✜❿❱➌❙➁❢❼✫❽✝➇❇➉ ➀✌❿❊Ò✖➌✌➄✰➃→❽❋➌❙➁✜➃❊➀✌➄❀↔❳❻❇❼✫❽ Ñ✧❿❱➌✼❽➎❾✰➠❦➀✼❽❢❾✰➠❦➀✌➐ ➃ ❾❚➃❊➇❡❼✫❽





➐➒❼✫❽✟➌✌❿✧❿❱➌✌➄➊Ò❡❼✧➍➓❼✧➄❚➁❏❽➏➍✟➀✌➐➒➂✩➅❬➆➊➐❥➌✌➃❏❿❱❼✧❽➓➇❡❼✒❾✰➠❡➡✶✹❺✾Ò❯➂✷▼➦ ❽❋➀✌➄❚➁❃➍✟➀✌➃❏➄❲❽➏➇❡❼✧➄❲❽❫❼✫❽➓❼❬➁➲➐➒❼✫❽❃Û❆➐ ➍➢❽✒❾❦➀✼❽✫❽❫➟✩➇❡❼✧➄❚➁➲➆➊➄ ➅✫➀✶❼✧➆➊❿
➌✖➣❬➆✰❼✧➆❙➔❳❾❚➐ ➆❡❽❳➇❡➂✍❀✌❼✧➐❥➀✧❾✖❾❲➂✶↔
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❑✫✯✼❉✘❯✽✷✣❯✩❑✫✿ ❯✽✵✼✿❥✾▲✳✧✯✝❑➏✯✼❘✽✻✧✿ ✺ ✻✧❘✣✿ ❑➏❖✶✸✴❘✽❉❊✷✽✯✼❯✽✷➢❄✶✷➦❯✽✳✧✯❋✱❊✸✴✷✧✂→✺ ✳✧✯✼❉
✤
❑ + ❄✼❑✫✯✼❉✘✿ ✷➦❨✌✿ ❂❞✾▲❄✶✳✧✯❋✱✒✿ ✷➦✸❃↕✧✿ ✷✣✷✽❉✜✱✒❣❰✳✧✯✌❄✼❑✫❂❃✷✽✯❋✱❢❑✫✿
❖❙✳✧✵✶✸✲❘✽❯❁✸❢❑✫✯❋✱✴✷❁✸✲✿ ❑❞❯❢❭✌❑❱✸✴✻✧✷❃✯✼❘✽✻❬❑❱✱✴✺ ❴❬✷✘❄✶✵➢❖✼❭✼✳✧❉❊❖✼❭✌❑❱✱✴✷➲❄✶✷❳✿ ❑❞❖✌❑❱✸❊✱✴✺ ✷
✘
❝◗í❚✮✝✷❁✱◆❣❰✳✫✸✴❂❃✷❁✸✤❄✶✷✽❉❆❨✌✿ ❂❃❉❆✯✼✳✧✺ ✸✴❉✽✭✰ö✹✷✽❖❙✷✽✯✌❄✼❑✫✯❋✱✩✾➊❯✽✷❁✱❊✱✴✷





✸✴✳✧❉❊❉❊✺ ❪❁✸✴✷✽❂❃✷✽✯❋✱✩✾✖❉❊✺❲✿❥● ✳✧✯✣❯✽✳✧✯✼❉❊✺ ❄✶❪❁✸✴✷❳P❋✵❡● ✺ ✿❢ ➦❑
✵✼✯❧✺ ✳✧✯
✤
❑ + ❯✽✳✧✯✌❄✶✷✽✯✼❉❊❘ þ ❯❢❭✌❑✧P❋✵✼✷◆❯✧ ✶❯✽✿ ✳❫❄✶✷❁◗❫✱❊✸✴✺ ✯✼✷✲❑✫❂❃❖✼❭✼✺ ❖✼❭✼✺ ✿ ✷✲❄✼❑✫✯✼❉❇✿ ✷◆❨✌✿ ❂❞✾✼❯✽✷✽✿ ❑✘❄✶✺ ❂❃✺ ✯❫✵✼✷
✤
eau
❄✖● ✵✼✯✼✷◆✵✼✯✼✺ ✱✴❘➲ù ✵✶✯❧✺ ✳✧✯
✤










































































































































































































































































































































































































































































































































































❄✶✷◆ü✏✒Ò✂✚✔✍✒❩Ð◆✾✼✳✧✯✒❯✽✳✧✯✼❉❊✺ ❄✶❪❁✸✴✷◆P❋✵✼✷✛✿ ✷✽❉❜❖✶✸✴✳✧❖✶✸✴✺ ❘❁✱✴❘✽❉❇❄✶✷✽❉▲❯✽✳✧✵✼❯❢❭✼✷✽❉❇❄✖● ✷✩❑✫✵❞❉❊✳✧✯❬✱❇❖✶✸✴✳❋❯❢❭✼✷✽❉❇❄✶✷✛❯✽✷✽✿ ✿ ✷✽❉✏❄❫✷❆✿❥● ✷✩❑✫✵



































































































































































































































































































































































































































































































































































































































































































Vecteur de diffusion Q
z
 (Å-1)
  O min d'irradiation 
 15 min d'irradiation (R×10)
 45 min d'irradiation (R×100)




























































































































































































































































































































































❄✖● ❭õ ✼❄❫✸❢❑❱✱❢❑❱✱✴✺ ✳✧✯✒✿ ✷❆❖✼✿ ✵✼❉❜❵✌❑✫❉❇P❋✵✼✷✛✿ ✷✽❉▲❨✌✿ ❂❃❉▲❖✼✵✼✺ ❉❊❉❊✷✽✯❋✱❜❉❊✵✼❖✼❖❙✳✫✸❊✱✴✷❁✸✩✭









































































































































































































































































































































































































































































































❝❞✮❨✝▲ß✫❑✫❯✽✺ ❄✶✷✣❯✽✺ ✱❊✸✴✺ P❋✵✼✷✣✳✧✯❋✱❞❘❁✱✴❘✣❘❁✱✴✵✌❄✶✺ ❘✽❉✒❖✌❑❱✸❧❄✶✷✽❉✒✷❁◗✶❖❙❘❁✸✴✺ ✷✽✯✼❯✽✷✽❉❞❄✶✷➢ø❹✂✇t❇❍✛✮❹✟
☞
✭❜ö✹✷✽❉❞✷❁◗➻✂
❖❙❘❁✸✴✺ ✷✽✯✼❯✽✷✽❉✽✾❀❵✌❑✫❉❊❘✽✷✽❉✘❉❊✵✶✸➲✿ ❑➏❄✶❘❁✱✴✷✽❯❁✱✴✺ ✳✧✯➈❄✶✷✽❉➲✺ ✯❋✱✴✷❁✸❢❑✫❯❁✱✴✺ ✳✧✯✼❉✒❄✶✺ ❖❙✳✧✿ ❑✫✺ ✸✴✷✽❉✽✾❀❖❙✷❁✸✴❂❃✷❁✱❊✱✴✷✽✯❋✱✘❄✶✷✒✸✴✷✽❯✽✵✼✷✽✺ ✿ ✿ ✺ ✸❧❄✶✷❁❉➲✺ ✯✶❣❰✳✫✸✴❂➲❑❱✱✴✺ ✳❬✯✶❉✘❉❊✵✶✸✘✿ ❑
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Nσi dµi = 0
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SfdT − V fdpβ +Afdγf +
n∑
i=1
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− κRr2 + κ
∫ r
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zx dz = r22R−
∫ 2R
0
























































r sin(2θ + ψ) =
r2
R
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ψ = arcsin(
2ρgR3
3σr
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2θ = arcsin(
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3
3σr
)− arcsin(2ρgR
3
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